The III-Nitrides are promising candidate for high efficiency thermoelectric (TE) materials and devices due to their unique features which includes high thermal stability. A systematic study of the room temperature TE properties of metalorganic chemical vapor deposition grown In x Ga 1-x N were investigated for x= 0.07 to 0.24. This paper investigated the role of indium composition on the TE properties of InGaN alloys in particular the structural properties for homogenous material that did not show significant phase separation. The highest Seebeck and power factor values of 507 µVK Thermoelectric (TE) devices have attracted tremendous interest as a renewable energy source, due to their ability to convert waste heat to electricity (Seebeck effect). 1, 2 The efficiency of a TE material is determined by the figure-of-merit ZT=S 2 σT/k where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, and is the thermal conductivity. Thermal conductivity consists of two contributions, namely, the lattice thermal conductivity (k l ) and the electronic part (k e ). [3] [4] [5] [6] It is very difficult to obtain high ZT value in a single material system because all properties are interdependent. For instance, higher carrier concentration often lead to higher electrical conductivity, but result in low Seebeck coefficient and high thermal conductivity due to increased electronic contribution due to the Wiedemann-Franz law.
7,2,1 Ioffe et al. 8 calculated that the optimum charge carrier's density that is good for TE materials needs to be in the range of 10 18 -10 19 cm −3 . Therefore, the best reported TE materials are often degenerately doped semiconductors, such as Bi 2 Te 3 -Sb 2 Te 3 , PbTe and Si 1-x Ge x and ZTs of ∼ 1 are often reported at room temperature. However, the use of TE devices fabricated using these materials are limited due to their toxicity (Te elements), high cost (SiGe), and a poor stability at high temperatures. 9 Therefore, recent research efforts have mostly focused on developing new TE materials, which are non-toxic and have superior thermal stability at high temperature ranges. 10 The interest of utilizing III-Nitrides semiconductors such as GaN, InGaN, InAlN, and AlGaN in the TE applications is increasing due to their promising ZT values at a wide range temperatures, 300-1300 K, that cannot be accessed by other materials. 11 For instance, a ZT value of 0.08 at room temperature and 0.23 at 450 K for In 0.36 Ga 0.64 N has been reported. 12 Furthermore, a rapid increase of ZT value with temperature was observed in In 0. 17 875 K. 13 More recently, ZT value of 0.08 was also obtained at room temperature using polarization field engineering of GaN/AlN/AlGaN superlattices. 14 In addition, theoretical studies have also conducted on TE properties of bulk GaN, AlGaN and InGaN alloys using electron-transport models that consider various electron-scattering mechanisms. [15] [16] [17] Consequently, these initial experimental and theoretical studies indicate that III-Nitrides could have acceptable TE properties for power generation. However, the effect of structural quality of the III-Nitrides in particular the dislocation density on TE properties has not been fully investigated. Therefore, in this work, the correlation between structural and optical properties of InGaN alloys with various indium (In) compositions and the TE properties are investigated.
All the InGaN samples studied here were grown on c-plane sapphire substrate with 2 µm thick undoped GaN template using metal organic vapor deposition (MOCVD). The precursors for Ga, N, In, and Si were trimethylgallium (TMGa), ammonia (NH 3 ), trimethylindium (TMIn), and silane, respectively. Hydrogen and nitrogen were used as the carrier gasses and silicon was used as n-type dopants with controlled carrier concentration ranging from 10 17 -10 19 . Detailed information for the growth conditions for InGaN have been reported elsewhere. 18, 19 The in-plane electrical conductivity, carrier density and electron mobility was obtained using Van der Pauw Hall-effect method. In-plane Seebeck coefficients of all samples were measured using standard temperature gradient technique, as reported in elsewhere. 24 The estimated uncertainty in Van der Pauw Hall and Seebeck measurements were approximately ±5%. The film thickness was measured using both in-situ and ex-situ spectral reflectometry with ±2-3% error. High resolution X-ray diffraction (HRXRD) triple-axis diffractometer was employed on all of the samples for structural characterization. A room temperature deep ultraviolet (DUV) photoluminescence (PL) spectroscopy (excitation at 248 nm) was used to measure the optical properties of the material.
The through-plane thermal conductivities of all samples were measured using time-domain thermoreflectance (TDTR). 17, 20 It is reasonable to assume that the thermal transport is isotropic for all samples due to the homogenous nature of InGaN at lower alloy compositions. The samples were coated with thin films of aluminum (Al) to serve as metal transducers. For each sample, a 5× objective lens with a beam spot of 12 µm were used. The thermal conductivity of the Al transducer was obtained from the Wiedemann Franz Law together with four-point probe electrical measurements. The thickness of the Al transducer was determined from picosecond acoustics. 20 The return time and shape of the acoustic echoes depend on the layer thicknesses and acoustic impedances (Z=ρv with ρ being the mass density and v being speed of sound, respectively). For acoustically soft Al transducer on acoustically stiffer InGaN (Z Al <Z InGaN ), the first echo is upward followed by a downward second echo. 21 However, Figure 1 (a) exhibits different features: the first acoustic echo is approximately anti-symmetric with a negative peak followed by a positive peak, and the second echo has a positive peak. These unusual features imply that there exists a soft contamination layer in between the Al transducer layer and the InGaN thin film. Following heuristics proposed by Hohensee et al., 21 the inflection point (the "zero-crossing" point with respect to the thermal background) was chosen, as the return time of the first acoustic echo. This results in a thickness ≈83 nm for the Al transducer. The thermal conductivities of all four samples were extracted by fitting the TDTR signal to a thermal model, 22 as illustrated by the excellent agreement between the model calculation (red solid lines) and the measurement data (symbols) in Figure 1(b) . The penetration depth of thermal waves modulated at 18 MHz or 9 MHz is longer than the film thickness; therefore the InGaN/GaN interface will affect the fitting of InGaN thermal conductivity. The interfacial thermal conductance of InGaN/GaN has not been reported; therefore a value for the epitaxial AlN/GaN interface (600 Wm −2 K −1 ) was used for thermal modeling. 23 This value was assumed to be reasonable considering that the epitaxial growth in MOCVD typically produces good interfaces which shall possess large thermal conductances.
Indium compositions of all InGaN alloys were analyzed using XRD. The c lattice parameter of the In x Ga 1-x N films was evaluated directly from the symmetric (0002) reflection. [24] [25] [26] However, due the high lattice mismatch the role of strain also needed to be considered. As InGaN epilayers on GaN are fully strained when the total film thickness is less than a critical thickness. 24, 25, 27 Figure 2 shows HRXRD 2θ-ω scan data of the (0002) reflections for InGaN alloys. All samples depict sharp peak (002) from the thick GaN template layer and the broader peak at a lower angle (002) from the InGaN. The broadened XRD peaks could be attributed to inhomogeneous strain induced by deformations and stresses incorporated at the substrate and epilayers. 17, 28 Additionally, edge and screw dislocations in III-Nitrides often lead to broadening of X-ray reflection as shown in this study. To further understand the effect of dislocation density on TE property of materials, the It is important to point out that TDs of InGaN alloys increased one order of magnitude when the indium composition reaches ∼20%, and this may be the composition threshold for achieving high crystal InGaN alloys. Furthermore, no significant evidence of phase separation was observed up to these indium compositions. This was due to the growth regime used to grow these samples and is most likely due to the coherence strain which could stabilize the alloys against phase separation.
30,31
Room temperature PL spectra were also used to determine bandgaps of the In x Ga 1-x N samples, Figure 3 . The band gap values shift to lower energy as indium composition increases with a corresponding increase in the emission linewidth. The broadening of the emission linewidth can be associated with defects related to indium and random alloy fluctuations. Additionally, PL peaks can also become broadened as thickness value increases due to the fact that enhanced role of deep levels regarding to band edge emission in the thick films. 32 PL spectra also revealed the absence of InGaN phase separation. Figure 4 illustrates the Seebeck coefficient, power factor, mobility, and electrical conductivity as a function of indium composition ranging from 0.07 to 0.24. The carrier densities of each InGaN alloy are also shown for comparison. All the other TE parameters decrease as the indium composition increases except the electrical conductivity. The Seebeck coefficient of In x Ga 1-x N was measured as 507 µVK −1 , 440 µVK −1 , 420 µVK −1 , and 280 µVK −1 for x= 0.07, 0.12, 0.20, and 0.24. All the InGaN samples in this study showed negative Seebeck coefficients which indicated that they are n-type materials consistent with them being Si-doped. Furthermore, the reduction trend in Seebeck coefficient can be attributed to the lower electron effective mass of InN (0.11m e ) compared to that of GaN (0.20m e ). As indium composition increases, the electron effective mass of InGaN alloys reduce resulting in lower Seebeck coefficient value. Additionally, as indium replaces Ga, the band gap of alloys also decreases (Figure 3 Seebeck coefficient. As it can be observed from Figure 2 In 0.20 Ga 0.80 N shows very broad peak FWHM of 900 arcsec due to its degraded crystal quality induced by impurities and extended defects, such as screw and mixed dislocations and result in high TD of 8.30 × 10 8 cm −2 . Consequently, these defects form scattering centers in the electrons' path and resulting in a rapid drop in mobility. Power factor also shows exponential decay in respect to carrier density due to the dominant effect of Seebeck coefficient via its formula S 2 σ although electrical conductivity increases. The reduction in mobility of InGaN alloy can be attributed to enhanced alloy scattering effect with increase in indium composition. Alloying the material leads to more electrons scattering due to the dissimilar electrical properties between In and Ga. 13 Additionally, a rapid drop of mobility of In x Ga 1-x N is observed at x= 0.20 due to the high dislocation scattering of electrons, that is, the dislocation density increased from 5.75 × 10 7 cm −2 for x= 0.07 to 8.30 × 10 8 cm −2 for x=0.20. Moreover, electrical conductivity typically decreases while indium composition increases, however opposite behavior was observed. This can be associated with increased electrically active crystal defects, which can act as donors. It is important to point that the background carrier density of In x Ga 1-x N has increased from 7.68 × 10 17 cm −3 to 1.62 × 10 18 cm −3 for x= 0.07 to x= 0.24. This increased carrier density may dominant the electron transport mechanism despite mobility reduction and thus result in electrical conductivity enhancement. The relationship between carrier density and indium composition is presented in Figure 4 and Table I . are used. The variation of ZT value with indium composition is attributed to alloy scattering dominated transport and it should be mentioned that the measurement error in the thermal conductivity data (represented by error bars in Figure 5 ) was associated with surface roughness, film thickness, and high indium compositions. The primary reason for the reduction of the thermal conductivity as composition increases is because higher indium composition results in additional defects and strain which degenerate lattice thermal conductivity by reducing its mean free path.
In conclusion, the TE properties of MOCVD grown In x Ga 1-x N were investigated for x= 0.07 to 0.24. The highest ZT value of alloys was observed as 0.072 for In 0.20 G 0.80 N. This ZT value improvement is enabled by alloy scattering mechanism resulting in high electrical conductivity and low thermal conductivity. In addition, the effect of dislocation density with ZT value of InGaN alloy using HRXRD method was analyzed. The experimental results indicate that InGaN alloys have promising TE properties at room temperature.
